Purpose. The paper is aimed at determining the influence of non-symmetrical loading of a flat car on the magnitude of the wear factor of a wheel-rail pair when changing the operation parameters that occur in operation. Methodology. The dynamic loading of the flat car, model 13-401 with typical three-piece bogies is studied using a model of spatial oscillations of a five-car coupling with the help of mathematical and computer simulation. Theoretical calculations are performed for the most dangerous sections of the railway track-small and medium radius curves in the range of permissible speeds. Findings. The indicators of wear of the rolling stock wheels and the rails are analysed on the example of flat cars in the presence of a longitudinal and transverse displacement of the load mass centre relative to the car symmetry centre. To obtain information on the effect of permissible deviations of the arrangement of cargo in the car on the magnitude of the dynamic loading of the wheel-rail contact, the authors performed theoretical studies of the spatial variations of the rail carriage and its interaction with the track. Originality. To determine the wear of the wheel-rail pair, the effect of displacement in two directions from the central axis of symmetry of the load gravity centre was studied, taking into account the value of the travel speed along the curved sections of the small and medium radius using a mathematical model of coupling of five freight cars. Practical value. As a result of the theoretical studies carried out, the authors assessed such factors as wear factor, directional force, and hunting of the wheel set of freight rolling stock in the event of load gravity centre displacement when moving along curved sections of the railway track. To establish the possible cause of intensive wear of the wheels and rails, the following parameters were analysed: lozenging of front bogie side frames; hunting of the left side frame of the front bogie; mutual longitudinal movement of the side frame and axle box of the front wheel set; mutual hunting of the left side frame of the bogie relative to the front wheel set.
Introduction
The intensity of the wheel-rail wear is so far one of the most serious problems of rail transport. The analysis of publications and studies related to this issue has shown that increased wear of rails and rolling stock can be caused by several reasons associated with both the state of the carriage chassis and the state of the rail track in curved sections [5, 8, 9, 16] .
Wear of wheels and rails depends on physical and mechanical processes occurring in the area of their contact. The nature of these processes and their intensity depend to a large extent on external influences on the surface of the contact point, in particular, on the interaction forces of the contacting bodies and their relative displacements. Therefore, one of the possible ways to solve the problem of reducing the intensity of wear of the wheel flanges and rail head side surfaces is to establish conditions for reducing external impacts on the contacting bodies, or reducing the dynamic loading of the contact point. Of particular importance are the reciprocal movements of the contacting bodies, as the wear is associated with the work of friction (pseudo-slipping forces) in the contact area. Therefore, the solution to this problem is to minimize the forces of interaction and mutual displacement of the wheel-rail pair in the points of contact.
Determination of the wear index is connected with the task of studying spatial oscillations and the interaction of rail carriage and track. For solving this problem the Dnpro National University of Railway Transport named after Academician V. Lazaryan developed the mathematical models that make it possible to determine the necessary values of forces and displacements, and to obtain the wear indicator as the resultant value [2-4, 12, 15] . With these models, it is possible to obtain solutions for various types of wheel-rail contact, to take into account the rigidity of the structural elements and the various deviations from the initial configuration of the system, such as the misalignment of the wheel set axles in the bogie, the difference in the wheel radii of one wheel set, of different wheel sets in a bogie and different bogies, rail gradient and wheel profile of various types, change in the cross gap of the wheel set and rail track, the change of longitudinal and cross clearance between the axle-boxes and side frames, the displacement of the body mass center relative to the car symmetry, etc. [5, 13, [17] [18] [19] [20] [21] [22] .
Purpose
The purpose of this study is to determine the influence of non-symmetrical loading of a flat car on the magnitude of the wear factor of a wheel-rail pair when changing the operation parameters.
Methodology
Theoretical studies of the dynamic loading of the wheel-rail contact during the movement of 13-401 model flat car with typical bogies 18-100 in the speed range 50 90  km/h in the small and middle radius curves were performed using the model of spatial oscillations of a five-car coupling ( The flat car is considered as a mechanical system ( Fig. 2 ), which consists of 12 solids (load, car frame, two bolsters, four bogie side frames, four wheel sets). In our research we studied the effect of the load mass center shift on the flat car frame in the longitudinal х А and transverse directions х А , as well as in both directions simultaneously. Preliminary theoretical studies have shown that in the presence of a transverse or simultaneous transverse and longitudinal displacement of the load mass center over 0.15 у А  m there is a sharp decrease in the derailment coefficient and a high probability of rolling stock derailment [21] . In order to determine the effect of only the load mass centre displacement on the factor of wheel and rail wear, the displacement in the transverse and simultaneous transverse and longitudinal directions is considered within the limits The stationary movement of a five-freight-car coupling in the right curve is studied. Consequently, the left wheel of the first wheel set climbs the outer rail. The carriage chassis, the wheel rolling surface and the rail head profile are provided in a normal technical condition.
Findings
The graphs of variance of the studied parameters during the movement in the curve sections of the track . For a detailed analysis of the physical processes occurring during the sliding of the wheel flange on the rail side face, it is necessary to investigate the corresponding dependences of the directional force and the striking angle of the wheel set [5] .
As can be seen from Fig. 3 (a, b) , increase of the longitudinal displacement of the load mass center has almost no effect on the wear factor. This indicator is significantly influenced by the travel speed. In curves 350 R  m, the wear factor F with an increase in speed from 50 to 70 km/h decreases by 2.7 times. The wear factor in the curves of the small radius is greater than the corresponding values in the curves of the average radius by 16.8÷6.7 times in the speed range 50 70  km/h. This can be explained by the higher levels of the directional forces N Y (Fig. 3, c, d ) and the hunting angles ws  ( Fig. 3 , e, f) in the curves 350 R  m. At a speed of 90 km/h, the index ws  in case of increasing the longitudinal displacement in the curve 600 R  m from 0 up to 0.3 m is significantly differs from the speed interval 50 80  km/h and exceeds the corresponding values by an average of 29.5%. In addition, the hunting angles ws  in both curves have a sign «-», that is, the wheel sets rotate in the track plane against the direction of the curve in accordance with the accepted rule of the signs (Fig. 2 ). a result, leads to intensive wear of the wheel flanges [1, 7, 9, 14, 23] . In addition, the mutual longitudinal lozenging of side frames are particularly harmful when moving along curved track sections, as they cause the turns of the wheel sets in the track plane against the direction of the curve. This, in turn, increases the striking angles of the wheel flanges on the rails, resulting in their mutual wear, since this reduces the contact area of the flange with the rail side face and, accordingly, increases the specific pressure on it, which determines their wear.
To determine the probable cause of the intense wear of the wheels and rails during the movement in the curves 600 R  m, let us consider the following parameters: lozenging of side frames of the front bogie; hunting of the left side frame of the front bogie; mutual longitudinal displacement of side frame and axle box of the front wheel set; mutual hunting of the bogie left side frame relative to the front wheel set ( Fig.4 ). The results of theoretical studies in Fig. 4 show that the lozenging of the side frames of the front bogie sf X (Fig. 4, a) and the hunting of the left side frame of the front bogie sf  ( Fig. 4, b) at a speed of 90 km/h are 5 times less than in the range of 50 80  km/h. The hunting angles sf  also have the sign «-», that is, the left side frame of the front bogie rotates in the track plane against the direction of the curve. Significant increase in the wheel set hunting angles ws  occurs due to significant mutual longitudinal displacements of the side frame and the axle box of the front wheel set sf-ws х  (Fig. 4, c) , as well as the hunting of the left side frame of the bogie relative to the front wheel dinal displacement, but also decreases in case of speed rise. In the curve 600 R  m F decreases due to the load relief of the climbing wheel. Exception from the general picture, as in the previous case, is the speed of 90 km/h. The wear factor curve F (Fig. 5, b) has extremes for 0.1 у А  m in both directions from the axis of symmetry of the flat car frame. In case of transverse displacement of the load mass center, there are higher directed forces N Y (Fig. 5, c, d) and hunting angles ws  (Fig. 5 , e, f) in the curves 350 R  m. The wheel set hunting ws  at the speed of 90 km/h in the curve 600 R  m is also significantly different from the speed range 50 80  km/h and is directed in the track plane against the direction in both curves. Graphic dependencies in Fig. 6 show that the front bogie side frame hunting sf X (Fig. 6, a) at speed of 90 km/h are 7 times smaller than in the range of 50 80  km/h and 2 times smaller than at equivalent value for longitudinal displacement. Comparing Fig. 4, b and Fig. 6 , b, we should note that the presence of a transverse displacement of the load mass center on the flat car leads to significant changes in the nature of the hunting of the left side frame of the front bogie sf  at a speed of 90 km/h. The hunting angles sf  (Fig. 6, b) also have the «-» sign. As for longitudinal displacement, a significant increase in the wheel set hunting angles ws  occurs due to significant mutual longitudinal displacements of the side frame and the axle box of the front wheel set sf-ws х  (Fig. 6,  c) , as well as the hunting of the left side frame of the bogie relative to the front wheel set through the shift of the boxes in the side frame openings sf-ws   (Fig. 6, d) . Analysing the dependences on Fig. 8 it is possible to conclude that the presence of simultaneous longitudinal and transverse displacement of the mass centre significantly affects the lozenging nature of the front bogie side frames sf X (Fig. 8, a) and the hunting of the left side frame of the front bogie sf  (Fig. 8, b) at the speed of 90 km/h. (Fig. 8, c) and the hunting of the bogie left side frame relative to the front wheel set through the shift of the boxes in the side frame openings sf-ws   (Fig. 8, d) The Rolling Stock Dynamic and Strength Research Laboratory of DNURT conducted dynamic (running) tests of the experimental train in order to determine the dynamic load of the wheel-rail contact and the indicators characterizing the wear of the wheel set flanges and the rail side faces, for the most likely operational deviations from nominal ones in the dimensions of the carriage elements in the range of speeds 30-70 km/h. There were tested the freight flat cars of model 12-532 on three-piece bogie of model 18-100, having different state of carriage chassis, which to some extent could affect the wear of wheels and rails. For conducting the tests, there was formed an experimental train consisting of a car-laboratory, testes flat cars and ChS-2 electric locomotive. To obtain reliable information on the effect of variations in the dimensions of the chassis elements on the magnitude of the dynamic loading of the wheel-rail contact, all stages of the tests were performed on one section of the joint track [8] .
We tested three loaded gondola cars with the following features in the carriage chassis dimensions:
1) Gondola No. 1, which had 6 mm difference of sideframe bases of one of the bogies (2 184.5 and 2 190.5 mm);
2) Gondola No. 2, which had 3 mm deviation in the wheel diameters of one wheel set (926 and 923 mm);
3) Gondola No. 3, which had the minimum deviations in the dimensions of the carriage chassis elements from the nominal and was taken as a standard car.
During the dynamic testing on the experimental gondola, the following values were recorded: frame forces for wheel sets; dynamic increments of the vertical forces acting on the wheel set boxes; longitudinal and horizontal transverse displacement of the boxes relative to the bogie side frames; horizontal transverse acceleration of boxes; bolster hunting angles relative to the body; the value of lozenging of bogie side frames. During the tests, we used the sensors of displacement and bogie side frame lozenging. Fig. 9 , a shows the general view of one of the axlebox mounts of the tested cars equipped with an acceleration sensor and two small displacement sensors, and Fig. 9, b shows the tested bogie of the 3rd standard car, with installed «in-line» camcorders, a curve entry sensor, attached to the box cover, small and large displacement sensors and an acceleration sensor. (horizontally) is selected so that the graphs display the records for the entire tested section. At the printing time of 100 seconds, the graphics correspond to approximately two kilometres, run by the experimental train along the section, including a straight line, a curve with 600 m radius, a short line between curves, a curve with 290 m radius and a straight line. From these records it is clear that entering into the curve with 290 m radius has a striking character. The longitudinal displacement of the axle boxes relative to the side frames ( Fig. 10, a, c) is relatively small, their double amplitude does not exceed 5 mm. Moving during the lozenging of the side frames ( Fig. 10, b, d) have rather large values, their amplitude reaches 40 mm. The recordings of displacements of the axlebox mounts and lozenging of side frames show the displacements that correspond to the break of the frictional forces during the car negotiation into a curve with 290 m radius. Based on the processing of the test results, it has been established that the magnitude of the longitudinal displacements of the axlebox mounts Taking into account the fact that the experimental train for conducting dynamic (running) tests was formed from the gondola cars of the model 12-532, and the theoretical calculations are given for the flat car of the model 13-401, we note that the obtained results have a rather high coincidence. The results of calculations, as well as the data of experiments, indicate that the wear indicators in these cases, in general, grow with increasing speed. The value of wear indicators for other equal conditions during the movement of cars in the curve with 300 m radius is higher than during movement in the curve with 600 m radius. 
Originality and practical value
In the process of research, we obtained the following scientific and practical results:
-Mathematical model of coupling of five freight cars was used to study the effect of the loading characteristics of the flat car on the value of the wheel-rail pair wear factor; -There are assessed such indicators as the wear factor, the directional force, and hunting of the wheel set of freight rolling stock in the event of load gravity centre displacement when moving along curved sections of the railway track;
-To establish the possible cause of intensive wear of the wheels and rails, the following parameters were analysed: lozenging of front bogie side frames; hunting of the left side frame of the front bogie; mutual longitudinal movement of the side frame and axle box of the front wheel set; mutual hunting of the left side frame of the bogie relative to the front wheel set;
-The influence of speed on the mentioned indicators is investigated.
Conclusions
Based on the analysis of theoretical studies conducted on the example of a flat car, the following conclusions can be drawn:
-Lozenging of bogie side frames of a flat car in the range of speeds of 50-80 km/h does not affect the factor of wear of wheels and rails both at longitudinal and transverse displacement of the load mass center;
-Longitudinal displacement of load on flat cars does not cause an increase in the studied parameters;
-The most probable reason for the intensive wear of wheels and rails under the same conditions of motion is the temporary change in the running characteristics of some carriages, namely, an increased angle of climbing of individual wheels due to the bogie rotation relative to the track or due to the rotation of the wheel set axle due to the box shift in the bogie side frame openings.
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